The quality and reliability of DNA typing results produced by research and forensic laboratories are limited by the amount and condition of the samples processed, presence of inhibitors, sample collection and storage until analysis, and the practices of the laboratory. Due to frequently limited quantity and quality of DNA in bone samples, even low levels of cross-contamination can become a serious problem for obtaining reliable results. Thus, special attention must be paid to both the procedures and the interpretation of data. Errors can occur and, therefore, laboratories should test their competence through proficiency tests (internal and/or external) and collaborative exercises (1) (2) (3) (4) . Aged bone samples are among the most difficult biological samples for DNA-based analyses (5, 6) , and the laboratory should have adequate testing capabilities to analyze these types of samples. It is not sufficient to rely on the analysis of standard reference materials or typical participation in proficiency tests or collaborative exercises of more ideal sample types. While desirable, human ostheological material is not considered a typical standard reference material and is not readily accessible to serve as a material for proficiency tests (4, (7) (8) (9) (10) . To address this testing deficiency, the organizers of the collaborative exercise described herein obtained sufficient quantities of two old bone samples that could be distributed and analyzed among a number of laboratories. The purpose of the exercise was to determine whether concordant results could be obtained from two common samples in different laboratories that use varied extraction procedures, different commercial short tandem repeat (STR) kits, different inhouse mitochondrial DNA (mtDNA) protocols, and different laboratory-specific interpretation guidelines.
Aim A collaborative exercise with several institutes was organized by the Forensic DNA Service (FDNAS) and the Institute of the Legal Medicine, 2nd Faculty of Medicine, Charles University in Prague, Czech Republic, with the aim to test performance of different laboratories carrying out DNA analysis of relatively old bone samples.
Methods Eighteen laboratories participating in the collaborative exercise were asked to perform DNA typing of two samples of bone powder. Two bone samples provided by the National Museum and the Institute of Archaelogy in Prague, Czech Republic, came from archeological excavations and were estimated to be approximately 150 and 400 years old. The methods of genetic characterization including autosomal, gonosomal, and mitochondrial markers was selected solely at the discretion of the participating laboratory.
Results Although the participating laboratories used different extraction and amplification strategies, concordant results were obtained from the relatively intact 150 years old bone sample. Typing was more problematic with the analysis of the 400 years old bone sample due to poorer quality.
Conclusion
The laboratories performing identification DNA analysis of bone and teeth samples should regularly test their ability to correctly perform DNA-based identification on bone samples containing degraded DNA and potential inhibitors and demonstrate that risk of contamination is minimized.
MATERIALS AND METHODS

Sample preparation
The initial step of the sample preparation was the selection of appropriate samples for the collaborative exercise (CE) according to the following six criteria. First, to avoid potential ethical issues, the bone specimens had to be at least 150 years old archeological material, without any identity link to a known person (11) , and already subjected to scientific examination (anthropology, archeology, etc.). Second, only the middle parts of long bones were used as test samples (12) . Third, the sample preparation (ie, decontamination and cleaning) had to follow the protocol specified previously (5, 13) . Fourth, the bone specimens had to be converted to homogenous bone powder using a liquid nitrogen grinding mill (14,15) before distribution. Fifth, the bone samples had to be successfully typed by at least two commercial kits to select samples that are typable before distributing them to participating laboratories. Sixth, to assure the correctness of the results, the bone powder had to be quality control checked for typability and contamination before the dispatch of the samples (3).
The above criteria are based on the previous experience and published work of the organizing laboratory.
Collaborative exercise design
Participating laboratories obtained two different samples, Sample 1 and Sample 2, which had been successfully analyzed by the organizing laboratory. Sample 1 was approximately 400 years old, with degraded DNA and difficult to type. Sample 2 was approximately 150 years old and wellpreserved, with relatively intact DNA suitable for standard typing procedures. The age of the specimens was determined by archeologists based on the burial pattern and artifacts found at the excavation site (16, 17) . Laboratories received 600 mg (Sample 1) and 150 mg (Sample 2) of bone powder prepared from cuttings from the compacta of the respective femurs. The surface of the femurs was cleaned using a rotary sanding tool (Dremel, Racine,WI, USA). Following the removal of surface material, additional 2-3 mm (18) and temperature (19) on the results of the collaborative exercise. The laboratories were asked to perform DNA analysis of the samples with methods they routinely use for bone samples or to use the suggested extraction and typing protocol ( Table  1 ). The suggested protocol recommended to use 50 mg of bone powder per silica-based DNA extraction as described by Vanek et al (20) or DNA extraction protocol as described in user's manual of PrepFiler BTA Forensic DNA extraction kit (LifeTechnologies, USA). Participating laboratories provided a table with results and the original fragment analysis sample files (FSA files) with the printouts of the resulting electropherograms (EPGs).
RESULTS
DNA quantitation and STR typing
The results of DNA quantitation varied substantially across laboratories ( Table 2 ). Five out of 19 participating laboratories did not quantify DNA extracts prior to polymerase chain reaction (PCR).
The STR types for the two bone samples were obtained by the CE organizers (Tables 3a and 3b ). While the true types of these bones were unknown a priori, these STR results were assumed correct for the purpose of the collaboration. The only exceptions were the STR loci D5S818 and SE33 for Sample 1, and D5S818, TPOX, SE33, Penta D, and Penta E for Sample 2, where the consensus results based on the majority rule were considered the correct types. The TPOX, Penta D, and Penta E loci were not evaluated for Sample 1. Only two laboratories provided results for X-STR loci for Sample 2 and both obtained the same results as the organizing laboratory (Table 5) . No laboratory submitted X-STR results for Sample 1.
mtDNA typing
Four laboratories submitted mtDNA typing results for Sample 1, and 6 laboratories submitted results for Sample 2 (Table 6 ). Laboratories used different protocols for mtDNA amplification. Laboratories 1, 3, and 19 used primers as described by Eichmann et al (22) , Laboratory 4 used primers that generated amplicon sizes of 385 bp (HVR1) and 240 bp (HVR2), Laboratory 6 used primers that generated amplicon sizes of 220 bp (HVR1) and 242 bp (HVR2) (23, 24) , Laboratory 11 used primers that generated amplicon sizes of 461 bp (HVR1) and 445 bp (HVR2), Laboratory 13 used primers that generated amplicon sizes of 449 bp (HVR1) and 391bp (HVR2), and Laboratory 15 used primers that generated amplicon sizes of 249 and 228 bp (HVR1), and 203 and 301 bp (HVR2).
DISCUSSION
DNA quantitation and STR typing
The majority of participating laboratories quantified DNA extracts before performing PCR. The substantial differences that were obtained in DNA quantitation results could have resulted from the extraction efficiency (ie, chemistry), quantitation methodology (eg, using Qubit, which is not human specific, fluorometric vs real-time quantitative PCR, or using a mtDNA specific vs nuclear specific assay), and different final elution volumes. Whether these differences had any effect on the typing success was not considered, as the focus of this particular CE was to assess the typing success irrespective of the methodology.
DNA typing of Sample 2 was 100% complete and concordant by 13 of 14 laboratories. Thus, the STR typing procedures for forensic bone samples (6) yielded consistent results with a number of variations in extraction and amplification chemistries. The majority of laboratories used a silica-based extraction methodology, and although sample sizes were small, those laboratories tended to achieve a higher number of correctly called STR loci for the difficult Sample 1. In contrast, laboratories that used phenol/ chloroform extraction chemistry tended to achieve a lower success in typing results. Similar observations in performance between phenol/chloroform and silica based extraction methodologies were described for bone samples from mass graves in the former Yugoslavia (13) . The correlation of STR typing kits and the DNA typing success rates for difficult Sample 1 slightly favored use of a combination of MiniFiler and Identifiler Plus kits) (Life Technologies, USA).
The CE organizers did not ask the participating laboratories to provide the thresholds and interpretation guidelines to keep the format manageable for this first exercise. It is reasonable to assume that some success differences among laboratories may be due to interpretation and not solely to methodology and amplicon size. The next round of CE on bones should collect this additional information.
mtDNA Typing
Sample 1 results differed among all 4 laboratories and the organizing laboratory. Sample 2 contained a sufficient amount of relatively intact DNA and all 6 submitting laboratories reported a haplotype concordant with that of the organizing laboratory, when omitting the homopolymeric C-stretch results in HVR2. Due to heteroplasmy and interpretation difficulties at this homopolymer region, results are rarely used in forensic analyses and interpretation of such results can vary (25) . Compared with the success rate of mtDNA typing with other mtDNA collaborative exercises (26-31), the success rate in this CE was much lower for Sample 1 but comparable for Sample 2. However, the lower success for Sample 1 was to be expected. This sample was several hundred years old and highly degraded, as opposed to samples from other mtDNA CEs that were typically of higher quality, such as hairs and stains. Relatively few laboratories submitted the results of mtDNA typing (4 lab- oratories for Sample 1, 6 laboratories for Sample 2), but the number of different mtDNA profiles reported for Sample 1 suggests that mtDNA typing in challenging and degraded bone samples is not a robust and reliable methodology for some laboratories and more investigation is needed. One possible explanation for the variable mtDNA sequence results may be that the primers used by the participating laboratories generate amplicon sizes that are larger than the fragmented DNA in Sample 1 and, thus, may select for low level contaminating exogenous DNA. 2  30  30  0  0  0  100  3  17  17  0  0  0  100  4  17  17  0  0  0  100  5  23  23  0  0  0  100  7  27  27  0  0  0  100  8  17  17  0  0  0  100  9  22  15  2  0  5  77.3  10  18  18  0  0  0  100  12  22  21  1  0  0  100  13  17  17  0  0  0  100  14  22  22  0  0  0  100  15  24  24  0  0  0  100  16  21  21  0  0  0  100  17  22 The concept of CE
The selection of a femur for the samples was based on the greater amount of material that could be obtained for distribution among laboratories. Recent findings might suggest that a femur may not be the best choice (32) , but the amount of available specimen must be considered when preparing a sufficient quantity of operationally identical samples for all participating laboratories. The concept of future CEs on bone samples could clarify the typing results from the extraction-borne variations by sending the participating laboratories DNA extracted from aged bone samples. This approach may help to better identify the root cause(s) of particular DNA typing limitations, eg, the extraction method. The next CE could also address the cleaning and grinding phase and the removal of humic acid inhibitors and modern DNA contaminants (18, (33) (34) (35) (36) (37) (38) (39) (40) (41) . Another improvement of the CE concept would be the inclusion of massive parallel sequencing (42, 43) during the verification of the sample by the organizing laboratory.
Conclusion and methodology recommendations
The analysis of highly degraded and difficult bone samples, such as archeological specimens, may not yield reliable results in all laboratories. Contamination may be a concern that should be investigated further. Perhaps development of a quality-controlled commercial kit could reduce some forms of contamination. Those laboratories with inconsistent results may consider that findings should not be reported unless they are confirmed by a second independent laboratory (44) . Future collaborative exercises could include male skeletal remains and Y-chromosomal STR typing to further investigate performance among laboratories. *The haplotypes obtained for the bone samples from the participating laboratories. Laboratory 3 reported problems with the read of the Sample 2 HVR2 sequence. Laboratory 6 reported interpretation difficulties for Sample 1 and therefore did not report the sequence data. Sample 2 provided consistent mtDNA results among the submitting laboratories; homopolymer stretches were not included in the comparison as these subregions are often not used in forensic analyses and interpretation varies among laboratories (21) . There were a number of inconsistencies among the laboratories regarding mtDNA results for Sample 1. No consensus approach could be achieved with the data from Sample 1.
The first recommendation we may make regarding the methodology is that DNA analysis of human skeletal remains should adhere to ethical and data protection issues. Furthermore, laboratories should establish procedures for efficient reduction of possible sources of contamination, such as separated bone extraction area, forensic grade consumables, and cleaning of the laboratory areas. Laboratories should use an extraction procedure providing the highest DNA yield and purity, eg, possibly silica-based extraction chemistry. Laboratories should determine the quantity of extracted DNA using a human mtDNA specific quantitative real-time PCR assay that also includes at least two internal positive controls to evaluate the presence of inhibitors and degradation. Laboratories should include an additional step of PCR inhibitor removal for samples with detected inhibition. Last but not least, laboratories should use short amplicons for both STR and mtDNA typing for analysis of very challenging samples.
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